OBJECTIVES: Donor lobectomies in living-donor lobar lung transplantation sometimes require additional surgical procedures on the interlobar pulmonary artery. We retrospectively reviewed the surgical techniques and outcomes of living-donor lobectomy.
INTRODUCTION
For rapidly deteriorating and critically ill patients with end-stage pulmonary disease, living-donor lobar lung transplantation (LDLLT) was developed by Starnes et al. [1] , with satisfactory outcomes. Because of severe donor shortages, LDLLT can be one of the final treatment options for critically ill patients.
In LDLLT, the lobectomies are carefully performed for both donors and recipients. Both the recipients and donors have surgical risks; however, only the recipients can acquire the treatment benefit of LDLLT. Therefore, the success of LDLLT largely reflects the donor outcomes.
In donor lobectomy, additional surgical procedures are often required on the pulmonary interlobar artery. For example, small branches of the pulmonary artery are sometimes inevitably sacrificed for anatomical reasons [2] . However, if such branches are large, sparing pulmonary arterioplasty with or without an autologous pericardial patch should be performed [3, 4] . To our knowledge, there are no reports on the surgical techniques and outcomes of living-donor lobectomy. Herein, we retrospectively reviewed the surgical techniques and outcomes at our institution.
PATIENTS AND METHODS
Between 2008 and 2015, 116 donor lobectomies were performed for 64 consecutive (52 bilateral and 12 single) LDLLTs at Kyoto University Hospital. The donor selection criteria are described elsewhere [2] . The preoperative evaluation routinely included 3D computed tomography (3D-CT) and pulmonary function testing. The surgical techniques and outcomes of living donor lobectomies were retrospectively reviewed. In terms of outcomes, postoperative complications and changes in pulmonary function were analysed. Changes in pulmonary function were compared among three groups: donors without sacrifice of small branches and without pulmonary arterioplasty (normal group), donors with sacrifice of small branches and without pulmonary arterioplasty (sacrifice group), and donors with pulmonary arterioplasty (arterioplasty group). This study was approved by the Kyoto University Institutional Review Board.
Statistical analysis
All statistical analyses were performed with EZR software [5] (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria). All values are expressed as means ± standard deviation. The data were evaluated by using Student's t-tests, and Fisher's exact tests were used for two-group analysis. For three-group analysis, post hoc test was used. Statistical significance was defined as P < 0.05.
RESULTS

Patient characteristics
Of 116 living-donor lobectomies, there were 69 right lower lobectomies, 45 left lower lobectomies and two middle lobectomies. The mean age of the 116 donors was 40.3 ± 11.7 years. There were 55 male and 61 female donors ( Table 1 ). All living donors returned to their previous lifestyles without restriction.
Pulmonary function testing was performed for 116 donors at 3 months after the lobectomies. In 104 of 116 donors, all data of pulmonary function tests that were performed preoperatively and at 3 months after the lobectomies, including forced vital capacity (FVC), vital capacity (VC), forced expiratory volume in 1 s (FEV1) and diffusing capacity of carbon monoxide (DLCO), were collected. Comparisons of postoperative complication rates were performed in all 116 donors; the pulmonary function test results at 3 months after lobectomy were compared with the preoperative values in the 104 donors whose data were collected.
Surgical techniques
Dissection in the fissure was carried out to isolate the pulmonary artery to the lower lobe, and to define the anatomy of the pulmonary arteries to the middle lobe in right-side donors and to the lingular segment in left-side donors. The cutting oblique line of the interlobar pulmonary artery was planned so as to preserve the middle lobe branches on the right side and the lingular branches on the left side (Fig. 1) .
In 61 living-donor lobectomies (52.6%), small branches of the pulmonary artery were inevitably sacrificed to obtain an adequate arterial cuff. In right donors, the small branches in the right upper lobe or the small branches in the right middle lobe sometimes originate near the superior segment branch of the right lower lobe, and are inevitably sacrificed. Sacrifice of small branches was performed in 36 right donors (50.7%). Similarly, the small branches in the left upper lobe sometimes originate near the superior segment branch of the left lower lobe, and small branches are sometimes sacrificed in left donors. Sacrifice of small branches was performed in 25 left donors (55.6%, Fig. 2 ). There were no significant differences in the frequency of sacrifice of small branches between the operation sides (P = 0.70). The 3D-CT images and schema of donors in the sacrifice group are shown. As the branching point of the small branch of the middle lobe was lower than the superior segment branch of the right lower lobe (A), and as the branching point of the small branch of the left upper lobe was lower than the superior segment branch of the left lower lobe (B), the small branches were sacrificed in the donor surgeries.
When the branches of the remaining lobe are small, they can be sacrificed; however, when such branches are large, pulmonary arterioplasty should be performed. In 13 living-donor lobectomies (11.2%), pulmonary arterioplasty was done to preserve the branches of the pulmonary artery. In all 13 donors, left lower lobectomies were performed and pulmonary arterioplasties were performed to preserve the lingular branches, as the branching point was far distal to that of the superior segment branch of the left lower lobe (Fig. 3) . In 10 of these 13 donors, pulmonary arterioplasty with an autologous pericardial patch was performed. In 9 of the 10 donors, the dividing line of the interlobar artery was set obliquely to preserve both the superior segment branch of the lower lobe for the recipient and the lingular branch for the donor. After the division, pulmonary arterioplasty with an autologous pericardial patch was performed to avoid stricture of the lingular branch. In 1 of the 10 donors, after the division of the interlobar artery and lingular branch for resection of the left lower lobe, the lingular branch was connected to the interlobar artery through the autologous pericardial conduit. In the other 3 of 13 donors, division of the interlobar artery and the lingular branch was performed first for resection of the left lower lobe. Then, end-toend anastomosis of the lingular branch to the interlobar artery was performed without the use of an autologous pericardial patch or an autologous pericardial conduit. All surgical procedures were performed without complications.
In one case (10.0%) of pulmonary arterioplasty with an autologous pericardial patch, the defect of the pericardium was covered with a Gore-Tex sheet (W.L. Gore and Associates, Flagstaff, AZ, USA). In three cases (30.0%), pulmonary arterioplasties with an autologous pericardial patch were performed in both the donor and the recipient.
Postoperative complications
In 116 donors, there were 23 postoperative major complications (19.8%) within 90 days after the lobectomy, defined as not less than Grade 3a in the Clavien-Dindo classification [6, 7] . Of the 23 major complications, there were 12 cases of pleural effusion, 9 pneumothorax, 1 empyema and 1 foreign body. There were no significant differences in postoperative major complications between donors with and without pulmonary arterioplasties (P = 0.72), or between donors with and without sacrifice of the small branches (P = 0.82).
Changes in pulmonary function
Pulmonary function testing was performed preoperatively and at 3 months after lobectomy in 104 donors; the tests included FVC, VC, FEV1 and DLCO, and the results were collected and classified into three groups, as mentioned above. In terms of the ratio of FVC, VC, FEV1 and DLCO to the preoperative values, there were no significant differences between the groups at 3 months after lobectomy ( Table 2 ).
DISCUSSION
In our study, procedures in addition to standard lobectomy were performed in more than half of the living-donor lobectomy cases; sacrifice of small branches was performed in >50% of the cases, and pulmonary angioplasty was required in >10% of donor lobectomies. On the other hand, there were no significant differences in postoperative major complications between donors with or without pulmonary arterioplasty or sacrifice of small branches. In addition, all pulmonary arterioplasties were performed without complications.
Living-donor lobar lung transplantation was developed to save the lives of rapidly deteriorating and critically ill patients with end-stage lung disease, and the outcome has been favourable [1, 8] . Because of severe donor shortages, LDLLT has played an important role. Recipient surgery in LDLLT is important; on the other hand, successful LDLLT largely reflects donor outcomes [2, 9] .
Living-donor lobectomy has several pitfalls, however; for example, where the pulmonary artery is divided is one of the pivotal points. 3D-CT and CT angiography are useful for the preoperative imaging of the dividing line of the pulmonary artery, and for determining the necessity of additional surgical procedures for anatomical reasons during donor lobectomy [10, 11] . Thus, we reviewed our experiences of living-donor lobectomy and the surgical outcomes of additional procedures for the pulmonary artery.
In our study, the small branches were inevitably sacrificed in more than half of the donors; however, the difference in the frequency of sacrifice was not significant between right and left donors. These results are partially due to the considerable variation in the course of the pulmonary artery between individual donors. In terms of postoperative complication rates and pulmonary function, there were no significant differences between donors with and without sacrifice of small branches. This shows that small branches can safely be sacrificed in donor lobectomy while still achieving favourable outcomes in LDLLT.
Small branches can be sacrificed; however, when such branches are large, pulmonary arterioplasty should be performed. Especially in left lower donor lobectomy, pulmonary arterioplasty is sometimes essential for the preservation of the lingular branch. On the other hand, in right lower donor lobectomy, pulmonary arterioplasty is unnecessary. One reason for this difference is that the right interlobar artery runs across the oblique interlobar fissure, whereas the left interlobar artery runs Figure 3 : The 3D-CT image and schema of a left donor in the arterioplasty group are shown. As the branching point of the lingular branch was lower than the superior segment branch of the left lower lobe and the lingular branch was large, pulmonary arterioplasty was performed in the donor surgery. In pulmonary arterioplasty, there are two types of surgery: arterioplasty with an autologous pericardial patch and arterioplasty with end-to-end anastomosis of the lingular branch to the interlobar artery.
parallel to the oblique interlobar fissure. In our experience, pulmonary arterioplasties were performed in 13 left lower lobectomies; however, there were no significant differences in pulmonary function and postoperative complication rates between donors with and without pulmonary arterioplasty. One reason for these results was that preoperative anatomic evaluations with 3D-CT angiography were performed in every donor [10] . This shows that pulmonary arterioplasty can be performed safely, and the surgical outcomes of pulmonary arterioplasty are favourable.
There are two types of pulmonary arterioplasty: with an autologous pericardial patch and with end-to-end anastomosis of the lingular branch to the interlobar artery [3, 4] . We had previously performed pulmonary arterioplasty with an autologous pericardial patch; however, after August 2015, we performed pulmonary arterioplasty with end-to-end anastomosis, with no postoperative complications. The first type of arterioplasty requires the harvest of autologous pericardium in donor surgery, and sometimes also in recipient surgery, whereas the second type does not have this requirement. In our experience, a Gore-Tex sheet was used to cover the pericardial defect in one case of pulmonary arterioplasty with an autologous pericardial patch, because the pericardial defect was too large to be covered with the pericardial fat pad. In other words, in the remaining nine cases of pulmonary arterioplasty with an autologous pericardial patch, artificial material was unnecessary and the pericardial defect was covered with the pericardial fat pad. On the other hand, in three cases of pulmonary arterioplasty with end-to-end anastomosis, artificial material was not required in donor surgery. Large pericardial defects should be repaired to avoid complications such as cardiac herniation; however, even in cases of pulmonary arterioplasty with an autologous pericardial patch, the use of artificial material was rare. When repairing the pericardial defects, the use of artificial material should be avoided to prevent infections. Pulmonary arterioplasties in recipient surgery were performed in three cases of arterioplasty with an autologous pericardial patch; however, they were unnecessary in cases of arterioplasty with end-to-end anastomosis.
Finally, when sacrifice of small branches is performed in livingdonor lobectomy, bronchoplasty with anastomosis of the remaining bronchi should not be performed in closing the bronchial stump of the donor lobe. One reason is that the pulmonary artery flow of the remaining lobes decreases when sacrifice of branches is performed, and may lead to ischaemia of the remaining bronchus and delay of bronchus healing [12] . In our study, there were no cases in which both sacrifice of small branches and bronchoplasty were performed.
CONCLUSION
Although additional surgical procedures were often required in living-donor lobectomy for anatomical reasons, the procedures were performed without increasing complications, and the outcomes of donor lobectomies with additional procedures were favourable. Arterioplasty for closing the interlobar artery in the donor was necessary in only left-sided cases. In general, living-donor lobectomies were performed with satisfactory outcomes.
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